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ABSTRACT
This is a report of the experimental results of a program in counter-
current flow critical heat flux. These experiments were performed with
Freon 113 at 200 psia in order to model a high pressure water system. An
internally heated annulus was used to model a fuel pin in a channel. Only
low flowrates were examined. The flow regime was always bubbly or slug,
with the liquid primarily on the walls. It was found that critical heat
flux of about .9 of the pool boiling value can be expected for up to 20%
void. Beyond this, the CHF value decreases uniformly with void. Void
fractions up to 70% were investigated, with the results being slightly
conservative compared to a similar experiment carried out at atmospheric
pressure by Avedisian.
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NOMENCLATURE
A - area of surface i
Co - distribution parameter in Drift Flux Model
D- diameter
Do - outside diameter
& - liquid mass flux (ibm/ft 2 hr)
S- acceleration of gravity
o - conversion factor
1- latent heat of vaporization
.~ - superficial liquid velocity at ith point
- superficial gas velocity at ith point
- dimensionless liquid velocity used as flooding parameter
- dimensionless vapor velocity used as flooding parameter
1( - constants for use in Drift Flux Model, given in Table II
e- exit and contraction orifice coefficients
S- heater length
p - pressure
," - pressure drop due to ith effect
QAAx-z pool boiling heat flux value of Zuber
heat flux
siA- saturation temperature
V4$- weighted mean drift velocity of bubble in Drift Flux Model
\?j - drift velocity of gas phase with respect to center of volume
c< - void fraction
/0 - density of ith element
C"- surface tension (Ibf/ft)
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Background
This work is part of a study concerned with modelling the loss of
coolant accident (LOCA) in a pressurized water reactor. In the postulated
LOCA an inlet coolant line breaks, reversing the flow through the core.
There is often then another reversal back to upflow. The fact that the flow
passes through zero has had significant implications in past accident analyses,
because the correlations used to predict Critical Heat Flux (CHF), boiling
crisis, or burnout have been based on flowing quality. This quantity (the
ratio of vapor mass flowrate to total mass flowrate) can become very large,
or undefined, in countercurrent flow (vapor and liquid flow in opposite
directions) and can cause premature predictions of CHF.
It is apparent that a better CHF prediction is needed for use in
LOCA transient analysis, especially in countercurrent and for low mass
velocity regions.
Critical Heat Flux
Critical heat flux is the value of heat flux at which a dramatic
decrease in the heat transfer coefficient occurs. It is characterized by
a large increase in wall superheat, which in the case of a creactor core
means excessive clad temperatures and possibly significant metal water
reaction if the temperature remains high. CHF is marked by the formation
of a vapor blanket on the heater which acts as an insulator. The occurance
of this vapor-liquid interface is dependent on flow regime, and therefore
liquid mass velocity, as well as heat flux value. In subcooled at high
mass fluxes, the vapor generated does not have a chance to migrate to the
center of the channel because of its small radial (.5 ft/sec) relative
velocity. The bubbles are simply swept along close to the walls. Thus
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the wall sees a higher local quality than the average in the channel cross
section, and CHF occurs at a low mean quality. The liquid core in this case
is not participating in the heat transfer very much.
At lower flowrates, bubbles generated can drift to the center of the
channel, allowing liquid to be predominately on the rod. This is the
bubbly and/or slug flow regime, and CHF values are characteristically
higher than in high throughput subcooled boiling [11].
This study was carried out for low flowrates, so the results obtained
are not necessarily applicable at high mass flowrates. The range of validity
extends at least up to the flowrates tested however. The boundary of
applicability which lies somewhere above this, has not yet been determined.
Countercurrent Flow and Flooding
Countercurrent flow and flooding are inextricably linked in that
flooding is a phenomena caused by large relative velocities between the
liquid phases, and can only occur in counterflow. The onset of flooding
can cause a flow reversal or a holdup of liquid on the heater surface,
resulting in heater dryout. An elaborate discussion of flooding is not
germane to the subject of this paper, but it is important that flooding
be recognized as a premature cause of CHF for runs in which it occurs,
and that these data points be identified.
Flooding is usually discussed in terms of dimensionless velocities
for liquid and vapor,
'T (2)
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One criterion to evaluate whether a data point is flooded is to observe
whether it maps above or below a line of the form:
_T+ # + /_(3)
*1/2 *1/2
in J 1/2 vs Jf space. If it is above the line it is flooded, and
if it is below it is not. Further will be said about this in the analyza-
tion of data.
Previous Work
T. Avedisian has recently complete a study in CHF in counter-
current flow (1). His experiments, conducted at atmospheric pressure
indicated that CHF could be correlated with void fraction. Void frac-
tion (the ratio of vapor to total volume in a designated area) is a
well defined quantity at low or zero net flowrate. Thus it would be
desirable to use such a parameter in LOCA analysis.
LOCA begins with a blowdown from PWR operating pressure (2300 psia)
to approximately 1500 psia. At this point the rapid depressurization
slows. Thus the transient analysis is done at a scaled pressure of
1500 psia and corresponding liquid saturation temperature. The primary
aim of this investigation was to see if Avedisian's results were
appropriate at high pressure and to extend their validity to upflow for
low mass flow rates. His primary conclusion was that void fraction,
and not flowrate, was the single valued function which could be correlated
to CHF (Fig. 1). His test section geometry was an annulus as shown in
Figure 2, with a heated central rod and an unheated outer shroud. This
geometry was chosen to model a fuel pin in a coolant channel, and was
shown to give the most conservative (lowest) CHF values of any test
section geometry (1). His experiments were non-dimensionalized using
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the pool boiling group developed by Zuber. The same configuration was used
in the high pressure experiments performed here.
The limiting heat flux for a horizontally oriented flat plate in a
liquid was given by Zuber:
/,.131 ( M )" (4)
This is the value which determines the scale of the ordinate on the CHF
vs. Void graph. It was later shown by Leinhard (3) that for a vertically
oriented ribbon heater CHF is approximately 0.9 of Zuber value. This is
a more relevant model in the case of a vertically oriented cylinder. It
appears from Avedisian's experiments that heat fluxes approaching the pool
boiling limit can be expected for local void fractions up to about 40 percent.
Aim of Investigation
a) General Considerations
During the early portions of the transient, one can expect to see
local conditions corresponding to low mass flowrates, high heat fluxes, and
low qualities. By writing the first law for a heated tube with a coolant
flowing through it:
it is apparent that these conditions are accessible in the steady state
only for short L/D's. Thus these experiments with short heated lengths
are spatially compressing a model of a fuel pin in a channel to expand
the temporal scale from transient to steady state.
At large flowrates, a high rate of heat transfer is accomplished by
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bubbles being generated at the walls, then being swept away by the high
velocity liquid flow. For lower flowrates, however, this large liquid
throughput does not exist, and a different mechanism must operate if high
heat transfer rates are to be maintained. These experiments were aimed
at determining whether the liquid agitation caused by bubble generation
and movement is sufficient to cool the heater at low mass flowrates,
specifically when a large portion of the hydraulic diameter is filled
with vapor slugs. The validity of the CHF results reported here is con-
fined to those regions where bubbly or slug flow exists and the liquid is
concentrated on the walls. The bubbly flow regimes characteristic of
subcooled and low quality surface boiling is specifically excluded. In
this regime a layer of bubbles is found on the walls with the core almost
solid liquid.
b) High Pressure Counterflow CHF
With Avedisian's previous work as a basis, an experiment was designed
to operate at high pressure with the following aims:
1) To reproduce the low pressure counterflow experiments and to see
whether these results were valid at the pressures encountered in LOCA
transients,
2) To investigate the range of validity of the results obtained, in
terms of both flowrate and geometry,
3) To look at the void vs. CHF correlation for a limited number of
upflow and downflow points, and
4) To investigate the magnitude and significance of errors introduced
both in the data recording and data reduction for both this experiment
and for the low pressure investigation.
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The pursuit of these aims was, to some extent, limited by the
instrumentation used in the apparatus. The void measurement was most
critical, and was dependent upon measurement of the differential pressure
across the test section. At high flowrates, pressure drop due to orifice
effects becomes large and obscures the void measurement. This put an
upper limit on the flowrates which could be investigated for a given shroud.
A method of void measurement which does not depend on pressure drop would
avoid these problems. More will be said about this in the section on
recommendations.
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CHAPTER II. APPARATUS AND EXPERIMENTAL METHODS
Use of Freon 113 as a Working Fluid
Freon 113 was chosen as the working fluid in both the low and
high pressure experiments for several reasons:
1) the low latent heat of vaporization implies modest power re-
quirements in a test loop which uses Freon 113.
2) Much work has been done in scaling Freon to water. Also, since
the pressure scaling goes as the ratio of vapor density to liquid density,
Freon 113 at 200 psia and 3100 F corresponds to water at roughly 1500 psia
and 6000 F. Thus Freon 113 requires lower loop pressures and temperature
to model high pressure water systems.
3) Freon 113 is relatively non-toxic and is readily available.
The properties which were used in this report are based on those
given in reference 4 and reference 5 and are given below:
/0g = 6 ibm/ft3
/f = 74 ibm/ft 3
/f(room temp) = 951bm/ft
3
hfg = 42.5 BTU/lbm
-4
a = 3.6 x 10 lbf/ft
T = 3090 F
sat
P = 200 psia
The surface tension was not given in the literature for 300 0 F and had
to be estimated for use in equation 4 for (Q/A)max  . McLeod's method
max z
was used ( T _ (c)
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where the subscript refers to properties at 115 0F, where a value for
surface tension is known.
Apparatus
In constructing the apparatus, the essential design criterion was
to accomodate the annular test section in a high pressure vessel, The
test loop arrangement had to be flexible enough to allow operation in
upflow, downflow and counterflow modes, and should provide a window for
visual observation.
The final design appears in Figure 3. The main tube and flange were
stainless steel, as were most of the components, since impure Freon 113
can present corrosion problems which are aggravated at high pressures
and temperatures. The aluminum shrouds were interchangeable, allowing
a variety of diameters, and sat on the shelf to prevent flow leakage
around the annulus. The central heater was of the resistance type, it
being a thin-walled inconel cylinder through which a direct current was
passed. The shroud thickness and heater lengths used were 1" and 2".
Three thermocouples were located along the centerline of the heater at
equally spaced intervals, and then the cylinder was packed with Al203'
Copper rods were silver soldered to both ends, taking care to thread the
thermocouple wires through a hole drilled in one of the rods. Then the
hole was filled with epoxy. Readings from the thermocouples were displayed
on a digital voltmeter.
The fittings at the top and bottom of the tank, where the rod was
inserted, were standard compression fittings made with specially machined
teflon ferrules to both electrically insulate the rod from the test section
and to form pressure seals. The top :flange was rated for 300 pounds of
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pressure, as were the two windows which screwed into fittings in the tank.
A thermocouple was inserted into a probe which extended down from the
top flange, and this was used to measure the liquid bulk temperature in
the test section. Power was provided to the heater by a large D.C. gen-
erator capable of supplying up to 1000 amps. The current was measured by
a specially rigged millivolt meter which read the voltage drop across a
large busbar.
Freon at 200 psia and saturation temperature was provided by a loop
already constructed for another experiment, so that it was only necessary
to set up flow paths from this source to the test section and back into
the condenser (see Fig. 4). Values were provided to channel the flow in
at either the top or bottom plenum. A large vapor outlet line was provided
to remove generated vapor so that it would not accumulate in the top
plenum and lead to premature dryout of the heater. A removable scrubber
was provided for insertion under the shroud to remove vapor in downflow.
Flowrates were monitored out of the bottom plenum by a Fisher-Porter flow-
meter for counterflow and downflow, and into the bottom plenum for upflow.
All lines were stainless steel tubing, and the valves were Jenkins stain-
less steel ball valves with teflon seals.
Because of heat losses in the tubing to the test section, a preheater
had to be provided at the liquid inlet. This was accomplished by wrapping
a glass rope heater around the inlet pipe.
Measuring the differential pressure across the test section presented
the greatest difficulty. This was needed to obtain void fraction, the most
important parameter in the study. The maximum Ap expected, occuring if
the 2 inch test section was totally voided, was only about 3 inches of
water, and this had to be measured at an absolute pressure of 200 psia.
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No commercially available manometer could give sufficient accuracy in this
reading, so one was designed (see Figure 5). Quarter-inch tubing was ex-
tended from the pressure taps, taking care that they were perfectly hori-
zontal so that no cooling would occur in a vertical rise and cause un-
predictable readings. After a sufficient length, the lines were connected
by flexible metal hoses to parallel glass sight tubes mounted on a 300
incline. This gave a gain of two on the level readings. In each tube was
a red ball free to transverse the length of the tube. It would float on
the Freon-nitrogen interface which was produced by introducing nitrogen
at high pressure from a tank into the top of the manometer. This allowed
an easily readable difference in level between the two tubes.
In Appendix A the equations are developed for calculating void fraction
from Ap measurements. Implicit in this derivation is the assumption that
in the expression for total pressure drop:
AP = APfriction + AP + APfriction momentum gravity
the terms APfriction and AP are negligible in comparison to APgravityfriction momentum gravity
This simple assumption is true only for the case of zero or low flowrates.
For the calculation of void in the actual test runs, account was also taken
of the momentum terms. More is to be said about this later. For a check
of the height difference due to density differences in Freon, the cal-
culation is made in Appendix A for zero void. The result agrees well with
what is observed.
Procedure
Before CHF data could be taken the main Freon loop had to be pres-
sur ized and brought to saturation temperature. After this, the inlet
preheater would be turned on and allowed to come to steady state. The
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manometer would be checked to see that unvoided height difference was
consistant with density differences. The total heat up process would
take about two and one half hours.
To get a map of CHF vs. void, it was necessary to vary both shroud
diameters and flowrates. To take a data point, a flowrate was set and
then power was applied to the test section. The current was increased
in increments of 20 amps, allowing the system to come to steady state
between changes. During this time the bulk liquid temperature in the
test tank was monitored to insure that it was at saturation temperature,
the thermocouples inside the heater were watched to detect CHF, and the
flowrate was checked to see that it did not change during the course of
the run. After each power increase the manometer was read several times,
and the mean value was recorded. When CHF was reached, as indicated by
a rapid temperature excursion in the heater, all power was shut off. Then
after cooling the heated length to ambient temperature (liquid saturation
temperature) the power was reapplied, and the point was repeated. The
value of heat flux which was recorded was the last stable heat flux and
likewise the void fraction reported was that associated with the last
stable condition. After all flowrates of interest were exhausted for a
given shroud, the loop was cooled down and the shroud was changed. This
method of taking data was identical for upflow, counterflow, and donwflow.
The only difference among the three were changes in the piping in the loop.
Accuracy of Measurements
Measurement of void is directly related to the measurement of height
difference in the manometer. The readibility of this difference varied
with the flowrate and with the amount of void to be measured. At higher
voids, where the vapor holdup was great there were slow oscillations of
the indicators associated with the building of vapor slugs and their dis-
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charge. These runs, however, were associated with flooding. For the
unflooded data void measurement was estimated to be accurate to within
5 percent. Flow measurements were made with a Fischer-Porter flowmeter
accurate to within 5 percent. In the flooded runs, however, the flow
measurement would vary within a 10 percent range. The current was read
on a millivolt meter accurate to 3%, corresponding to 6% in power.
All the data taken for counterflow, upflow, and donwflow are reported
in Table I. The counterflow data is separated into two groups according
to whether it was flooded or not. The local void fraction was obtained
using the drift-flux model as will be described in the next section, except
when that method was in applicable. Points for which the liquid flowrates
are not reported are those in which the flow measurement was in error.
These all occurred in the flooded data and were not used. Some of the up-
flow data was reduced using the same method as in counterflow. It was
found that this method could not be applied to all the runs because the
orifice effects obscured the pressure drop due to void. Therefore, an
alternate method was devised and void fractions were computed for all the
upflow points so that results computed the two different ways could be
compared. This is discussed in Ch. III.
All the data is plotted on CHF vs. void graphs in Figures 6 and 7.
In Figure 6 all the unflooded points are plotted; the remaining flooded
data appear in Figure 7. The criterion for flooding will be discussed
later, but all countercurrent CHF points are shown in Figure 8 on axes
suitable for mapping the flooding correlation. The data is clearly
separated into flooded and unflooded groups.
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CHAPTER III. DATA REDUCTION
3.1 Void Fraction
The measurement of void fraction in this experiment is accomplished
by relating void to pressure drop across the test section. This method
has the advantages of low cost, ease of implementation, and simplicity
of use. Its primary disadvantage is a sacrifice of accuracy due to the
presence of momentum and friction pressure drops which must be taken into
account. For low flowrates, however, these effects are small and can
be well corrected for.
The total pressure drop in two phase flow is the sum of friction,
momentum and gravity drops:
This gravity term is directly related to the void and is given by:
• (8)
where a constant void profile is assumed. This assumption implies that
the void fraction calculated here will be the average value. The momentum
contribution is computed using the liquid and vapor superficial velocities,
which for counterflow are in the directions shown in the diagram.
: 1: A
I
.1
JfiJ
2f f2 f
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JF1 is the measured liquid flowrate out of the test section; JF2 and
JG2 are computed from the continuity equation:
JFI = JF2 - J G2  (9)
where the superficial vapor velocity is calculated from an equilibrium
assumption:
JG2 q" Aheater (10)
flow hfgp g
The sign convention is chosen with the positive direction upward. The
magnitude of the momentum effect is given by two terms, one due to vapor
generation in the test section and the other due to orifice effects. To
estimate the orifice coefficient, runs were made at both room temperature
and operating temperatures, with no void generation and then the coef-
ficient was determined as is described in Appendix C. It was found that
this term was negligible for all shrouds except the 0.55 inch shrouds.
The other term in the momentum pressure drop is given by:
The friction term is small for short L/D's and was neglected in
the calculation for pressure drop. (See section on Error Analysis)
Since void fraction appears both in the gravity term and the momentum
term, an iterative scheme was employed to obtain the void fraction for
a given total pressure drop.
This value of void which was calculated is as mentioned before, an
average value. It can be expressed as an integration of the true void
profile over the heater length:
-22-
L
0<AV0 4..Q (12)
To calculate the local void at the top of the test section, the
drift flux model was used (DFM).
3.2 Drift Flux Model and Local Void
The drift flux model was given by Zuber and Findlay (6) as:
10 > T(13)
The significance of the parameters C and V . is as follows. C is the0 g] o
distribution parameter and is concerned with the void and liquid velocity
profiles across the flow area. It is defined as:
COfT(14)
For turbulent flow, where the velocity profile is almost uniform, C
o
is nearly 1, while in laminar flow, where the bubbles near the middle
fo the channel are clearly moving faster than those near the wall. There the
value is greater than one.
Vgj is the macroscopic bubble drift velocity and is weighted mean
drift velocity defined as:
V A (15)
where V2j is the drift velocity of the gas phase with respect to the center
of volume of the two phase mixture. The value of Vgj depends upon the
velocity distribution and the flow regime.
Griffith (7) later modified the DFM expression to:
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7 (1+K ) f(K +) 3(K9)* D ' (16)
where the parameters Kl, K2, and K3 were given particular values for
each of several different geometries. The parameter K3 is 1.6 for heated
channels; K1 and K2 are given for annuli of differing outside diameters
in Table II.
Since CHF seemed to occur first at the top of the heater, then
propagate downwards (in the unflooded runs) the void fraction at this
point was the highest. To predict its value, a linear superficial vapor
velocity profile was assumed:
J = J -- (17)
g go L
This value was then substituted in to the DFM equation and was integrated
over the heated length as in equation (12):
0< 
-r L 
__
This yields:
0 I+FLnh<--t(•Db' ((18)
If the average void fraction as predicted earlier is substituted on trh ei,
side of equation (19), then one is left with a trancendental equation for
Jg2. This was solved for each data point with the aid of a computer,
then the resulting Jg2 was substituted into equation (16) to obtain the
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local void. It should be noted that this method sidesteps the necessity
of assuming thermal equilibrium which is advantageous because there is
no way to ascertain whether thermal equilibrium is a good assumption or
not. Thermal equilibrium was assumed in the calculation of average void
fraction, but this was in the momentum term where the effect is small.
A problem which was encountered in the data reduction is that for
counterflow the term:
-Jf 2 (l + K2) + K1 K3 (gDo)l/2 (20)
can become zero or negative for high liquid flowrates down. This results
in a prediction of negative vapor velocity by the computer algorithAwhen
it solves the transcendental equation. This would correspond to downflow,
when counterflow is actually observed. This is caused by the fact that
the DFM is essentially a one dimensional model, whereas the experiment
exhibits two dimensional effects.
If there is net liquid downflow and vapor upflow, there is a velocity
and void profile as is shown in the diagram:
HEATER
VOID
PROFIL
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There are clearly two regions, one in which there is vapor upflow and
some liquid entrainment, and a liquid downflow region which is almost
devoid of vapor. Thus it is possible to have counterflow for liquid
velocities greater than that which could hold up a bubble. This effect
was not present in the smallest shrouds, (0.55 inch) but flooding was
encountered in these because the gap was so small.
The unflooded data is plotted in Figure 6 in the following manner.
For data reducible with the DFM, a line is drawn beginning at the average
void and terminating with an x on the value of the local void. For data
in which the calculation of local void was not possible, the average void
is indexed 10 percent to the right. These points are clearly indicated
with a 3 on the CHF vs. Void plot. It is felt that this is a conservative
way of presenting this data. A curve was fitted to the data and is
plotted along with the CHF points. Upflow data was reduced using the
equilibrium vapor velocity from equation (10) in the Drift Flux Model.
Although the assumption of thermal equilibrium is somewhat incorrect, the
fact that it affects both numerator and denominator in the same way tends
to reduce the effect of the error. The upflow data seems to lie slightly
above the counter flow data.
Only two points are reported in downflow, because of the inadequacy
of the apparatus and instrumentation to permit testing in this region.
At flow velocities large enough for downflow, orifice effects completely
obscure pressure drop due to void. Also, there is a possibility that
vapor which is trapped under the shroud will figure in the void pressure
drop. Because there is no provision for visual observation of the lower
plenum, it cannot be known what the behavior of the exiting vapor is.
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To calculate a void fraction for the downflow points, the Drift
Flux Model was employed, along with the thermal equilibrium assumption.
A C of .8 was used, since employing a C of 1.2 yielded ridiculous voidO o
predictions. This implies that the velocity profile had a high peak to
mean ratio, and that the bubbles resided primarily near the walls where
they saw a smaller average velocity. This is certinaly plausible, but
cannot be substantiated.
The data points, as indicated in Figure 6 with triangles, seem to
fall on the counterflow CHF line, but this trend cannot be ascertained
without additional more suitably instrumented runs. The liquid flowrates
for these points were high, both over 2 1/2 ft/sec, which is sufficient
to blow the vapor out of the test section. As the velocity approached
the vapor holdup velocity (about 1.6 ft/sec) the vapor tended to build
up and the void profile changed so that using the DFM with equilibrium
vapor velocity would not give an indication of the true void; it would
underestimate it.
Five runs were made with the 0.755 shroud placed off center, using
the 2 inch heated length. The gap widths were 0.3 inches and 0.45 inches
on either side of the heater. These points are indicated with an asterisk
in Table I. They fall on the sami curve as points with a centev& shroud,
so it seems not to have had an effect on CHF. It was noted in these runs
that a vapor discharge stream developed on the narrow side, while there
was vapor holdup in the wider gap.
3.3 Flooding
In Figure 8 all the data points are graphed on flooding parameter
axes, with a curve to show demarcation between flooded and unflooded points.
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In his report, Avedisian used the line:
J *1/2 + f/2 = 1.2 (21)
from Shires, Pickering, and Blacker (8) to differentiate between flooded
and unflooded data. This correlation was developed using data taken
from an annulus, but the data did not extend beyond a J *1/2 of 0.5. See
Figure 9. Thus it is not clear whether the correlation is valid at high
liquid velocities. Wallis (9) did a correlation on flooding in a round
tube with sharp flanges; the data appears in Figure 10. Notice the de-
parture from the line at high liquid velocities. In the report, he said
that for J * > J * the data correlated well with the line, whereas when
g f
Jf * > J * the data correlated well with itself though not with the line.
Thus there seems to be substantiation for extending the unflooded region
as was done in Figure 8 to include the high liquid flow data. It appears
that the vapor velocity is the more significant flooding parameter in this
study.
It was noted that oscillations of the manometer and intermittent
discharge of large vapor slugs were observed in the runs identified with
flooding.
3.4 Error Analysis
An error analysis should include two possible sources of error:
1) errors arising through uncertainties in measurement, and
2) errors introduced in the processing and the reduction of data.
Since the first question has already been addressed in Section 2.4
this section will be concerned with the second matter. The assumption
made in data reduction will be examined, along with the sensitivity of
the results to their accuracy.
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In the calculation of average void, the assumption of thermal
equilibrium is made in computing the vapor velocity for use in the momentum
terms of the total pressure drop. A calculation has been made of the
significance of the momentum terms in the prediction of void. Assuming
that a small change in the value of average void does not affect the amount
which it is indexed to the right to obtain to the local value, the change
in void due to the inclusion of the momentum term is:
[O"LDC (w/j) c~<L (waPm)J (22)
[LO<Ay (w/,&P.) +4iw'oj "0 [A w A + woDNEx (23)
0< AVG (W/6P,) - (<AVr- (w/o Pm) (24)
expressing this as a percentage of the local void fraction:
c(~Pn(7o LC OC*- (25)
This quantity has been calculated for each unflooded counterflow data
point. The results are shown in Figure 11. The quantities in equation
(25), denoted by x's are graphed vs the local void. Also shown is Aa f
for the friction term, which was neglected in the calculation of average
void, because it was anticipated to be very small. The APf is in the direction
to decrease apparent void, and thus would tend to give an error on the
conservative side if it were at all significant.
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The inclusion of momentum effects can either increase or decrease
apparent void, and was therefore included. For low voids, there is a
significant change caused by the addition of AP which tends to increase
m
apparent voids. At low voids it is of no great consequence because the
CHF heat flux value is almost independent of void. At higher hoc t e
liquid momentum term, which acts in a direction opposite to the vapor term,
becomes large and tends to cancel the vapor momentum term. This is because
high liquid flowrates are necessary to obtain high .oc The absolute
value of Aa is shown on the plot, but at higher voids, the sign of the
correction term is such to decrease the apparent void and to thus give
conservative void values.
The conclusion, therefore, is that if the thermal equilibrium assumption
is inaccurate, the CHF vs void prediction is not very sensitive to it.
As was mentioned before, the CHF heat flux reported is the last stable
heat flux before CHF, and is therefore a conservative value. It was felt
that using this value would eliminate any ambiguity as to exactly when
during a power increase CHF did occur. The heat losses through the ends
of the heater and the flatness of the heat flux distribution along the
heater length were investigated. The results are reported in Appendix B.
The use of the equilibrium vapor velocity and the DFM in reducing
the upflow data can be justified by comparing the results with those obtained
using the manometer readings when this approach was possible. The void
calculated using the equilibrium vapor velocity lies between the average
and local voids predicted by the other method (see Table I, section C).
Also, the DFM was verified with much upflow data by Griffith (7) and was
shown to fit the data well.
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The case for downflow data reduction is not as strong. There was
no way to physically verify any model, so the DFM was used with a value
of 0.8 for C o. With this simple approach, the downflow points seemed to
fall near the counterflow line.
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IV. CONCLUSIONS AND RECOMMENDATIONS
An investigation by Avedisian (1) has indicated that critical Heat
Flux can be correlated to void fraction for low mass flowrates in counter-
current flow, corresponding to liquid on the walls of vapor slugs in the
channel. His experiments were done with Freon 113 in an internally heated
annulus at atmospheric pressure. This investigation was designed to see
whether his results were valid at high pressure (200 psia), and to observe
whether upflow and downflow points could be correlated with the same
scheme for low mass flowrates. A placement of the heater nonconcentric
within the shroud was also examined.
The results were:
1) While CHF can be correlated with void fraction at high pressure
it appears that the resulting curve is slightly below the low pressure data.
In the low pressure case, pool boiling heat fluxes can be expected up to
approximately 40 percent void, but at high pressure this region extends
only to about 20 percent.
2) Upflow data lies above counter flow data on a CHF vs void plot.
Also the effect of increasing the flow in upflow decreases the void and
therefore increases CHF, whereas this has the opposite effect in counterflow.
Not enough downflow data was taken, nor were the methods of data
reduction certain enough to condlude whether downflow data would agree
well with counterflow and upflow.
3) An eccentric placement of the outer shroud does not seem to affect
CHF values for small amounts of channel assymmetry.
4) An error analysis led to the conclusion that the CHF vs void
correlation was not sensitive to any errors which may have been introduced
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in the data reduction; also, it was shown that the CHF void predictions
were conservative for all cases.
5) Flooding was shown to occur for the smallest shrouds (.55 in.)
tested and was often the cause of premature CHF in these runs.
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Recommendations
It would be desirable to investigate the region above 70 percent void
at high pressure to determine whether CHF would be correlated to void
fraction as a single valued function there. Much of the data would be
in annular flow, where film thickness and stability are important. For
this study, a method of direct void measurement would be necessary since
the pressure drop void scheme would become complicated by momentum and
fraction effects.
If a direct void measuring device were procurred for such a program,
it could be also used to make verifying runs in the range examined here.
In addition, downflow data could be taken and reported without the ambiguity
of an iAdentpendently unsubstantiated model.
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TABLE I - DATA
Countercurrent Flow
3TU/Ft2/hr
ax z 
= 112,022
A. Unflooded Data
D L
.751 1.0
.751 1.0
.751 1.0
.751 1.0
.751 1.0
.751 1.0
.751 1.0
.9751 1.0
.977 1.0
.977 1.0
.977 1.0
.977 1.0
.977 1.0
.977 1.0
•.977 1.0
*.755 2.0
•.755 2.0
•k.755 2.0
*.755 2.0
•.755 2.0
.755 2.0
.755 2.0
.755 2.0
g/q max z
.85
.81
.67
.64
.57
.4
.64
.78
.6
.7
.7
.7
.85
.89
.85
.7
.64
.34
.4
.4
.57
.51
.7
*Indicates off center placement of shroud pool boiling CHF heat flux
with no shroud (vertical rod pool boiling). The limiting heat flux was =
= .89
Qax z
avg
.14
.2
.29
.34
.41
.58
.38
.13
.34
.29
.29
.22
.18
.14
.07
.18
.25
.55
.4
.52
.3
.34
.13
OLLOC
.25
.34
.47
.52
.56
.24
.52
.46
.46
.36
.31
.26
.13
.31
.42
.48
.24
jfl
0.
.25
.57
.67
.87
.97
.69
.0
.65
.5
.38
.27
.16
.03
0.
.18
.5
1.24
.94
1.12
.68
.81
0.
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B. Flooded Data
D L Q/0%x &avg 4OLOC jfl J *1/2 /2
.55 1.0 .4 .43 - - .55 1.72
1.0 .51 .3 - - .6 1.55
1.0 .64 .28 - - .67 1.36
1.0 .64 .27 - - .67 1.13
1.0 .7 .22 .38 - .71 .8
1.0 .78 .24 .4 - .746 .374
1.0 .7 .30 .48 .39 .71 .87
1.0 .45 .40 - .97 .57 1.28
1.0 .57 .36 - .75 .64 1.15
1.0 .34 .34 - 1.4 .5 1.56
1.0 .45 .46 - 1.25 .57 1.45
1.0 .34 .46 - 1.39 .5 1.52
2.0 .45 .14 - - .82 1.53
2.0 .4 .3 - - .77 2.0
2.0 .34 .32 - - .72 2.1
2.0 .3 .4 - - .67 2.5
2.0 .3 .36 - - .67 2.25
2.0 .4 .25 - - .77 1.8
2.0 .45 .2 .34 - .82 .98
2.0 .45 .17 .3 - .82 .41
2.0 .45 .23 .38 0. .82 .41
2.0 .45 .27 .43 .18 .82 .7
2.0 .4 .29 .46 .36 .77 .87
2.0 .34 .43 - .92 .72 1.3
2.0 .34 .39 - .92 .72 1.3
2.0 .31 .48 - 1.25 .72 1.5
2.0 .25 .54 - 1.66 .61 1.7
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C. Upflow Data
ftD L q/q JF2( ) JG2(T.E.)o max -avg LOC DFM sec
.55 1.0 .93 - - .23 3.3 1.44
.55 1.0 .89 - - .27 2.4 1.38
.55 1.0 .85 - - .33 1.5 1.32
.55 1.0 .85 - - .41 .76 1.32
.55 1.0 .78 - - .45 .45 1.2
.977 1.0 .93 .14 .25 .12 .025 .26
.977 1.0 .93 .10 .19 .16 .23 .26
.977 1.0 .93 .11 .19 .19 .065 .26
.977 1.0 1.01 .15 .26 .21 .012 .26
D. Downflow Points
shroud = .55 inches
heated length = 2.0 inches
Q/Qmax z DFM JF1 JG2
.50 .42 3.67 1.39
.39 .47 2.7 1.08
Note: These void fractions were calculated using the Drift Flux Model
with a C of .8.
o
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TABLE II
Constants for use in Drift Flux Model as reported in Griffith [7]
(D in inches)
(5.375)
(1.27)
(1.186)
(1.0)
(.977)
(.751)
(.546)
(.475)
D./D
.0744
.315
.337
.400
.409
.530
.732
.843
.348
.355
.358
.378
.379
.384
.390
.398
.197
.187
.186
.182
.182
.174
.156
.144
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APPENDIX A
Void Fraction Calculation
density in heated section:
[cp + (1 - o~pf]
Since temperature differences cause significant density differences
in the Freon, these must be accounted for in the manometer equations. We
will define the densities as follows:
p - density of Freon in plenum, which is saturated liquid at 200 psia
M - cooler and more dense Freon in manometer
letting pm = Pp + 4•m
we have
(Op + A m) (d + s + r + l)g = p pdg + sg[ppg + (1 - op p] +p rg +
(Pp + pým ) (1 + Ah)g
e
I
i V1//V//F Z Z ý,
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this reduces to =
Ap Ap
m (d + r + s) - Ah (1 + -) =
p p
p p
(p -p )
S P
Pp
solving this equation for void fraction, we obtain
Ah (1 + m) AP
P- -p-- (d + r + s)
P P
S (1 - &)
P
for saturated Freon at 200 psia in the test section and Freon at room
temperature in the manometer, the properties are =
Sbm
p 74
P 3ft3
ibmp = 6
g ft3 ,
Ar235ibm
Ap =23.5 J, d + r + s = 2 3/4 in., S = 1 in.
m ft
if there is no void being generated we would expect a difference, Ah,
in inches of =
23.5 (2.75)
74
Ah = 23.5
+74
74
= .662 in. which is what is observed.
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APPENDIX B
Analysis of Axial Heat Conduction
in a Heated Rod
A. Calculation of outside wall superheat from thermocouple readings.
:RMOCOUPLE
AI2 0 3
Ax(q/A) (.027) 105 22F
wall k 12 10 =
AT = 11F
w
A typical thermocouple reading will be 300F above saturation temperature.
Thus the true (Twall - T sat) is about 200F.
B. Calculation of Heat Transfer Coefficient, h, using the above value of
AT.
5
h = q/A 10 = 5000
AT 20
C. Model of heater
TEMR
PROFILE
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SECTION A-A
in steady state = + Ax = qx - qAA + qgen
d dTd (kA -) Ax - hPAx (T - T ) + W.AAx = 0
dx dx sat 1
0 = T - Tsatsat
Boundary conditions =
dO LdO I=O = 0 x = + 
dx x=0 ' ' - 2
solution is =
WiAS= C cosh Bx + C2 sinh Bx + WiA1 2 hP
I
g,+ rr x
I ~
-41-
where B E /hP
KA
using the B.C.'s =
dOS= CI sinh (0) + C2 cosh (0) = 0
so C2 = 0
BL WiAL = 0 = C cosh - + WAOI =+ 1 2 jP
-2
so
-WiA
1  hP cosh (-)2
using K = 10, P = .1 ft., h 5000, A = 2.2 x 10 , WiA = 104
B = _500 = 476, C
1
20 = -7
cosh (19.8)
0= T-T
sat
-7
= -10 cosh Bx +
loss at boundary is =
dT L
K L= )dx I x A end loss
dO dT BL
dx - BC, sinh 2
K dT = -(10) (10 ) (476) (1.98 x 108)
= 0.45 x 104
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dT
q = 2 A- (K -)loss dx
= 2" (2 x 10 - 4 ) (9.45 x 104)
= 37.8 BTU/hr
The amount of heat generated per hour is:
105 . (8.7 x 10
- 3 )
= 872 BTU/hr
loss = 37.8/872 = 4.3%
the temperature profile which is given by 0 is very flat =
TEMP
200F
HEATER LENGTH
I -
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APPENDIX C
To predict the pressure drops due to sudden enlargements and contractions,
a loss coefficient K is used. To obtain this coefficient, one writes:
2  2 2
PO - p V - V 1  V+ o =K
P 2 c 2
and
2 2 2
pi - P2 V - V V1
+ = K
P 2 e 2
for the orifice shown in the diagram below:
I I I
0 1 2
We can assume VO = V2 0 adding equation (1) and (2), we obtain:
p - = p(K + K ) 10 2 c e -
2
K K +K
c e
by measuring po-P 2 for
(single phase flow) we
This was done for
(and thus densitieis).
.55 in. shroud
with 1" heater
.55 in shroud
with 2"heater
a set of flow velocities with no heat added
can determine K.
both 0.55 shrouds at two different temperatures
The results were:
K = .125
K = .48
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It was found that the orifice effect was not of large enough magnitude
in the larger shrouds to make a discernible height difference in the
manometer. This was because:
a) velocities are lower in these shrouds and
b) the area for flow is considerably larger and this tends to
make K much smaller.
For the .55 shrouds in counterflow, the orifice effects tended
to increase the apparent void fraction.
-45-
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Flooding in an Annulus Using Air and Water
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Figure 9.
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Flooding Velocities for Sharp-Ended Tubes
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